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Abstract

A label free electrochemical detection method for the rapid detection of recombinant human
erythropoietin (rhuEPO) has been developed. In this method, we modified the rhuEPO
structure for its direct sensing without using a complex signal amplification strategy. The
protein was selectively extracted from blood plasma sample using target-specific magnetic
beads. After releasing rhuEPO from the magnetic beads, its disulfide bonds were
electrochemically reduced and the protein was spontaneously assembled onto a
nanostructured gold electrode via Au-S bonds formation. For electrochemical quantification,
the reduced protein was desorbed from the electrode surface using differential pulse
voltammetry (DPV). The desorption current was proportional to the concentration of rhuEPO
in the range 1 pM — 1000 pM. By cross-validating against ELISA, we found a 104.85 + 3.35
% agreement between the results obtained using the electrochemical biosensor and ELISA.
Therefore the developed method has a strong potential for the sensitive detection of rhuEPO

doping in sports as well as its rapid screening and pathology labs.

' 3W.A. Hassanain and *A. Sivanesan contributed equally to the manuscript.
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1. Introduction

Erythropoietin (EPO) is a naturally occurring hormone that is used for the regulation of
erythropoiesis and as a signalling protein for the production of red blood cells in bone
marrow [1]. Recombinant human EPO (rhuEPQO) is used for the treatment cancer patients
suffering from associated anaemia [2]. In the sports industry rhuEPO is doped by athletes to
increase their oxygen capacity and enhance their aerobic performance [3]. The widespread
doping of rhuEPO has prompted the World Anti-Doping Agency (WADA) to ban its use in
international sports and sponsor significant research on sensitive detection methods of the
protein in blood and urine. Similar to other protein biomarkers, the screening of rhuEPO in
biological fluids requires accurate and sensitive and selective detection methods. The current

analysis methods for rhuEPO detection include isoelectric focusing, double blotting, HPLC-



MS and MALDI-TOF techniques [4]. These techniques require lengthy analysis time,

expensive equipment, and skilled operators to perform complex screening procedures.

Electrochemical methods are among the simple and non-expensive techniques for protein
analysis [5]. Electrochemical sensors are characterised by their rapid response, small sample
volume requirement, cost-effectiveness and potential for miniaturization within portable
analytical platforms [6-8]. The direct electrochemical detection of proteins suffer from
inadequate sensitivity and selectivity towards the target biomolecule [9, 10]. Therefore, the
electrochemical biosensing of proteins is usually limited to those having non-protein redox
centres allowing for the reversible electron transfer between the electrode and the
biomolecule [5]. To improve the sensitivity of the electrochemical biosensors, derivatization
reagents have been employed to lower the detection limit of anlaytes to the nanomolar range
[11]. In addition, nanostructured electrodes have been utilised to enhance the sensitivity of

the electrochemical detection of analytes [12, 13].

In this work, we present a proof of concept for a rapid and sensitive label-free
electrochemical determination of rhuEPO in blood plasma down to pico molar
concentrations. To selectively extract rhuEPO from blood plasma, an anti-rhuEPO antibody
was conjugated to amine derivatized and silanized iron oxide magnetic beads. After binding
the target protein, the pH of the beads was modified to release the extracted protein within 5
minutes. For direct detection, the protein disulfide bond structure was reduced by
chronoamperometry on a nanostructured gold electrode to assemble the reduced protein onto
the electrode surface via Au-S bond formation. The protein was then electrochemically
desorbed by differential pulse voltammetry (DPV) in 1 minute, and the developing current is
utilized for the quantification of the protein (Scheme 1). The new direct electrochemical
biosensing of rhuEPO was cross validated against enzyme linked immunosorbent assay

(ELISA).
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Scheme 1. A schematic representation of the novel electrochemical biosensing of rhuEPO

2. Experimental

2. 1. Chemicals and materials

Amine derivatized and silanized magnetic beads with a particle size of 1-4 um were
purchased from Thermo Fisher Scientific (Au). Recombinant human EPO international
standard (rhuEPO, 3rd international reference preparation) was sourced from the national
institute for biological standards and control (UK). Anti-erythropoietin antibody (7D3) was
purchased from MAIIA Diagnostics (SWE). Human EPO ELISA kits were purchased from
Abcam (Au). Horse plasma samples were donated by Dr. Rohan Steel, Project Leader,
Biological Research Unit, Racing Analytical Services Ltd, Melbourne (Au). The samples
were collected and shipped to Queensland University of Technology (QUT) under the
Melbourne lab  protocols, ethical clearances and arrangements. 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), phosphate
buffered saline (PBS), glycine, potassium hydroxide, gold (I11) chloride trihydrate (HAuCl,
.3 H,0) perchloric acid (HCIO,4) and protein low bind eppendorf tubes were purchased from
Sigma Aldrich (Au). Gravity flow size-exclusion columns (illustra NAP-5 (17-0853-01))

were obtained from GE Healthcare Life Sciences (Au). Deionized water (ultrapure Millipore,



18.2 MQ cm@?25 °C) was used in all preparations. The glassware and gold discs were
cleaned with piranha solution (3:1, 98% H,SO,: 30% H,0,) and thoroughly rinsed with

deionised water prior to use.
2. 2. Instruments

The electrochemical measurements were carried out using Autolab PGSTAT204 potentiostat
(Metrohm Autolab, NL), equipped with NOVA 1.10.5 as operating software and a standard
three electrode cell. Polycrystalline gold disc (geometric area = 0.502 cm?) and platinum wire
were used as working and counter electrodes, respectively. Dry leakless Ag/AgCl/saturated
KCI (world precision instruments, USA) was used as a reference electrode. For ELISA
screening, the optical density was measured at 450 nm using a multimode reader GloMax

explorer (Promega, USA).

2. 3. Preparation of rhuEPO standard solutions

A series of standard solutions of rhuEPO in the concentration range of 1 pM — 1000 pM were

prepared by serial dilution in 1x phosphate buffered saline buffer (PBS) (pH 7.4).
2. 4. Preparation of gold nanostructured electrode for DPV detection

Nanostructured gold electrodes were prepared as described by Sivanesan et al [14]. Briefly,
flat gold disc electrodes were mirror-polished with alumina slurries of decreasing particle
sizes (0.5 pum, 0.05 pum and 0.02 pm), immersed in deionised water and subsequently
sonicated in aqueous ultrasonic bath for 15 minutes. The electrodes were then immersed in
piranha solution [H,SO4 (98%): H,0, (30%), 3:1 v/v] for 10 minutes and rinsed with
deionised water. The gold electrode was utilised as a working electrode in a three electrode

cell that is filled with 4 mM HAuCI, in 0.1 M HCIO,4 and purged with argon gas for 30



minutes to remove oxygen gas from the solution. A negative potential of -0.08 V was applied
for 15 minutes to electrochemically deposit gold nanostructures onto the gold disc. The gold
nanostructured electrode was then removed from the cell, washed with deionised water, dried

under nitrogen stream and stored for future use.

2. 5. Synthesis of antibody-conjugated magnetic beads

In our work, 100 pL of 0.2 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
solution was mixed with 100 uL of 0.1 M N-hydroxysuccinimide (NHS) solution in a low
bind eppendorf tube and gently vortexed for 2 minutes. This was followed by the addition of
100 pL of the amine derivatized and silanized iron oxide magnetic beads. Finally, 10 pL of
anti rhuEPO antibody (0.1 mg/mL) were added to the mixture. The resulting mixture was
stored at 4 °C for 4 hours to allow for the complete conjugation of the antibody to the
magnetic beads. The conjugated beads were magnetically separated from the solution, re-

suspended in 100 pL PBS (pH 7.4) and stored at 4 °C for future use.

2. 6. Selective extraction of rhuEPO

The antibody-conjugated beads were used to selectively extract rhuEPO from blood plasma
samples. Horse blood plasma was spiked with 250 pM of rhuEPO. This was followed by
mixing 100 pL aliquot of the spiked plasma sample with 100 pL of the antibody-conjugated
magnetic beads and left to stand for 15 minutes at room temperature with occasional
shacking. The magnetic beads were collected from the plasma matrix using an external
magnet and washed 5 times, to remove any weakly adsorbed interfering molecules (each time

with 100 pL of 1x PBS buffer, pH 7.4).

To release the captured rhuEPO from the extractor beads, they were re-constituted into 100

puL of 0.1 M glycine.KOH buffer (pH 11) for 5 minutes at room temperature. The released



rhuEPO solution was loaded onto a size exclusion column to remove the glycine buffer. The

purified protein was eluted using 500 pL of 0.1 M KOH.

2. 7. Electrochemical reduction and quantification of rhuEPO

For the electrochemical quantification of the rhuEPO, 50 pL aliquots of standard rhuEPO
solutions in the concentration range 1 pM - 1000 pM were loaded onto nanostructured gold
electrodes and reduced and assembled by chronoamperometry using a potential of -1 V for 30
minutes. The reduced protein was electrochemically desorbed from the electrode surface by
DPV where the potential was swept between -1 V to -1.4 V at step of -0.005 V and a scan
rate of 0.01 V/s. The pulse amplitude and width were set at 50 mV and 50 ms, respectively.
The magnitude of the resulting desorption current at -1.19 V was plotted against the protein

concentration to construct a calibration plot.

For the quantification of rhuEPO in blood plasma, 50 pL aliquot of the eluted rhuEPQO, in
section 2.6, was loaded onto the working nanostructured gold electrode of the
electrochemical cell and dried under gentle stream of nitrogen gas (Figure S1). KOH was
added as an electrolyte solution, and chronoamperometry followed by DPV measurements

were carried out.

2. 8. ELISA cross-validation

To cross validate the DPV quantification of rhuEPO, an aliquot of the eluted protein in
section 2.6 was screened using a human EPO ELISA kit. An ELISA calibration plot was
constructed in the concentration range 10.7 — 333.2 pg/mL, where the average optical density

(OD) at 450 nm was plotted against the concentration of the protein standards (Figure S2).

3. Results and discussion

3. 1. Selective extraction of rhuEPO from blood plasma



Direct electrochemical biosensing of biomolecules requires their selective isolation from the
complex biological matrix prior to measurements [15, 16]. For this purpose, we developed
rhuEPO extractor beads by conjugating the C terminal of an anti-rhuEPO antibody to the
amine-terminals of silanized magnetic beads using the EDC coupling reaction [17, 18]. The
EDC/NHS coupling was added to the amine derivatized and silanized iron oxide magnetic
beads to activate the HNZ2 groups on the surface of the beads. The antibody was then added to
the mixture, where the EDC/NHS reagents activated the COOH groups at the C terminal of
the antibody. The activated NH, and COOH groups of the magnetic beads and the antibody

respectively, react to form amide bonds that attach the antibody to the bead [17].

The antibody-functionalized beads were used to selectively bind and extract rhuEPO from
blood plasma. By changing the pH environment of the beads, the weak coulombic and van
der waals bonds between the antibody and the bound protein molecules were easily broken

and the isolated rhuEPO molecules retrieved [19-22].

3. 2. Electrochemical reduction and assembly of rhuEPO on nanostructured gold

electrode

The average range of EPO blood concentration in healthy humans is 0.92 — 3.7 pM [23].
Therefore, an electrochemical biosensor of rhuEPO should have a detection limit within the
pico molar concentration range. We first attempted the direct electrochemical detection of 10
pM rhuEPO by DPV using a flat gold electrode. As indicated by Figure 1 (blue line), no
characteristic desorption current was observed. Therefore, we repeated the DPV measurement
using a nanostructured gold electrode [24, 25]. However, no characteristic desorption current

was observed for rhuEPO (Figure 1, red line).
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Figure 1: DPV of rhuEPO on a polished gold electrode (blue line) and on a nanostructured

gold electrode (red line).

Another approach to enhance the electrochemical detection of analytes is to form covalent
bonds between the target analyte and the nanostructured electrode [26]. Therefore, we used
chronoamperometry to electrochemically reduce and assemble the protein onto the
nanostructured gold electrode surface. The electrochemical reduction cleaves the disulfide
bond between the cysteine residues of the protein and generates free sulfhydryl (SH) terminal
groups that spontaneously form Au-S bonds with the electrode surface [27]. The assembled
protein molecules were then desorbed from the electrode by DPV, where a characteristic

desorption current was observed at -1.19 V as depicted by Figure 2 (blue line).
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Figure 2: DPV of reduced EPO on a nanostructured gold electrode, the red dotted line

denoted the blank nanostructured electrode.

The effect of reduction time on the DPV measurement was investigated where
chronoamperometry was carried at 10, 20, 25, 30, 35 minutes respectively and the DPV
current measured after the reduction. As indicated by Figure S3, the DPV current was
maximum after 30 minutes of chronoamperometric reduction. Therefore, to allow for a
sensitive detection of the protein, the chronoamperometry was lasted for 30 minutes before

the DPV measurement.

The electrochemical desorption current of reduced rhuEPO was found to proportionally
increase with the protein concentration in the range 1-1000 pM and follow a polynomial
relationship (Figure 3a, b). The inset in Figure 3b depicts the linear relationship between the
DPV current and the concentration of rhuEPO in the concentration range of 1 to 250 pM. The
regression equation for the linear relationship was found to be y = 0.002x + 0.0979 (R?
=0.983). Using this regression equation, the 95% confidence intervals for the slope and the

intercept were found to be 0.0008 and 0.109, respectively. The limit of detection was found

to be 1 pM.
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Figure 3: (a) DPV of reduced rhuEPO on nanostructured gold electrode in the concentration
range 1 — 1000 pM, (b) corresponding calibration curve in the same concentration range. The

inset depicts the linear relationship in the concentration range 1-250 pM.

3. 3. DPV quantification of rhuEPO in blood plasma and cross validation by ELISA

To utilize the developed electrochemical method methodology for the biosensing of rhuEPO
in blood plasma, the protein was extracted using the functionalized beads, reduced by
chronoamperometry on a nanostructured gold electrode and quantified by DPV. The average
concentration of rhuEPO in the plasma sample was found to be 221 = 0.44 pM (n=3) by

DPV. The standard deviation within the three measurements was 1.05.

For a cross validation purpose, another aliquot of the same extract was screened by ELISA.
The ELISA screening test confirmed the presence of rhuEPO in the plasma sample at an
average concentration of 211 + 7.17 pM (n=3). Therefor the average agreement between the

DPV and the ELISA measurements was 104.85 + 3.35 %.

Zhang et al. recently demonstrated a method for the electrochemical detection of rhuEPO
down to 0.016 fM [28]. The authors used a signal amplification approach where a glassy
carbon electrode modified with a sandwich-like nano-Au/ZnO sol-gel/nano-Au compound
membrane was manufactured and used for the detection of the protein by monitoring the
change in the electrode response. The dynamic range of this method was 0.016 fM — 0.016
nM and the limit of detection was 0.003 fM. Considering the complex procedures and the
long preparation time of the electrode (~12 hours), our developed direct electrochemical
biosensing method is simple, rapid and can be used for monitoring rhuEPO doping and
therapeutic use [29]. In addition, the nanostructured gold electrode used in this work can be

easily recycled by removing the contaminated gold nanostructures using a simple mechanical

11



etching procedure, followed by an electrochemical deposition of new gold nanostructures

within 15 minutes.

4. Conclusion

In this work, we presented a simple electrochemical method for the rapid and sensitive
detection of proteins, as demonstrated by rhuEPO, in blood plasma. We developed target-
specific antibody-conjugated magnetic beads for the selective extraction of the protein from
blood plasma within 15 minutes. For its sensitive electrochemical biosensing, the extracted
protein was electrochemically reduced and assembled by chronoamperometry on a
nanostructured gold electrode. The assembled reduced protein was then desorbed from the
electrode surface by DPV to give an electrochemical desorption current that is proportional to
the concentration of rhuEPO within the range of 1-1000 pM which is useful for monitoring
rhuEPO doping and therapeutic use. The DPV determination of rhuEPO was cross validated
against ELISA where the agreement between the 2 measurements was 104.7%. The
developed electrochemical approach method has a strong potential for the rapid, sensitive and

cost effective determination of other proteins in molecular diagnosis applications.
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Highlights

A new electrochemical direct biosensing of proteins in blood is described
The disulphide bonds of erythropoietin are reduced by chronoamperometry
The protein reduction led to its assembly on nanostructured gold electrode
The assembled protein was electrochemically desorbed by DPV.

rhuEPO was quantified by DPV down to 1 pM without signal amplification.
The new method is simple, rapid and useful for monitoring EPO doping
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